The ability of the white rot fungus Phanerochaete chrysosporium to mineralize 2,4,6-trinitrotoluene (TNT) was studied in the concentration range [FRG]). 2-Amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene were obtained from the Institute of Organic Chemistry of GeorgAugust-University (Gottingen, FRG). U-'4C-ring-labeled toluene was obtained from Sigma Chemie GmbH, Deisenhofen, FRG, and m-chloroperoxybenzoic acid was obtained from E. Merck AG, Darmstadt, FRG.
["4C]4-amino-2,6-dinitrotoluene was used as a substrate. 2-Hydroxylamino-4,6-dinitrotoluene and its isomer 4-hydroxylamino-2,6-dinitrotoluene were identified as the first detectable degradation products of TNT. Their transient accumulation correlated with the inhibition of TNT degradation and of the veratryl alcohol oxidase activity of lignin peroxidase. With purified lignin peroxidase H8, it could be shown that the two isomers of hydroxylamino-dinitrotoluene were oxidized by lignin peroxidase. The corresponding nitroso-dinitrotoluenes apparently were formed, as indicated by the formation of azoxy-tetranitrotoluenes.
2,4,6-Trinitrotoluene (TNT) is a predominant contaminant of soil and groundwater at many sites of TNT production and processing in Germany and other countries. Its presence is due to contaminated wastewaters released into the environment and to the destruction of ammunition plants at the end of World War II. TNT is recalcitrant and has been shown to be toxic to gram-positive bacteria, yeasts, and fungi (13) and green algae (25) . It is also mutagenic, according to the Ames test (36) .
The wood-rotting fungus Phanerochaete chrysosporium secretes nonspecific extracellular peroxidases for lignin degradation. The fungus has been reported to degrade a variety of recalcitrant pollutants, such as chlorinated xenobiotics, polycyclic aromatic hydrocarbons, and polymers. The mineralization of TNT was first reported by Fernando et al.
using [14C] TNT and ligninolytic cultures (9) . The intolerance of the fungus for high concentrations of TNT (>20 ppm) and the ability of nonligninolytic cultures to degrade small amounts of TNT were observed by Spiker et al. (26) . A process for the cleanup of TNT-contaminated wastewater with P. chrysosporium immobilized on rotating discs was proposed by Sublette et al. (29) . The pathway of degradation and the participation of ligninolytic enzymes have been studied so far only for 2,4-dinitrotoluene, not for TNT (34) . Recently, Stahl and Aust reported a plasma membranedependent reduction of TNT by P. chrysosponum (27) . The rate of reduction was independent of the ligninolytic system, and the amino-dinitrotoluene isomers were identified as reduction products (28) .
In this report, we examine the negative effect of increasing concentrations of TNT on its rate of degradation by ligninolytic cultures of P. chrysosporium and show that hydroxylamino-dinitrotoluene, an early intermediate of TNT degra-dation, causes the decrease in mineralization rates by affecting lignin peroxidase.
MATERIALS AND METHODS
Chemicals. TNT was obtained from Dynamit Nobel AG (Troisdorf, Federal Republic of Germany [FRG] ). 2-Amino-4,6-dinitrotoluene and 4-amino-2,6-dinitrotoluene were obtained from the Institute of Organic Chemistry of GeorgAugust-University (Gottingen, FRG). U-'4C-ring-labeled toluene was obtained from Sigma Chemie GmbH, Deisenhofen, FRG, and m-chloroperoxybenzoic acid was obtained from E. Merck AG, Darmstadt, FRG.
U-14C-ring-labeled TNT. U-14C-ring-labeled toluene (1.25 mCi) was diluted with 250 ,u of toluene to a specific radioactivity of 535 nCi/,mol. Nitration of toluene was performed in three steps as described by Seidenfaden and Pawellek (21) . Neither purification of intermediates, e.g., the isomers of mononitrotoluene and dinitrotoluene, nor separation of nitrating acid (see below) was carried out between the nitration steps. H20 formed during the nitration reactions was bound by fuming sulfuric acid. the monoamino derivative of TNT were prepared by use of xanthine oxidase from bovine milk (Merck) as described by Tatsumi et al. (30) . The reaction mixture contained U-'4C-ring-labeled TNT (0.14 ,umol) in methanol (16 RI), xanthine (8 ,umol) , cytochrome c (0.8 mg), and 0.1 M buffer (potassium phosphate, pH 8.5) in a final volume of 8.2 ml. The mixture was gassed for at least 5 min with N2. To start the reaction, xanthine oxidase (1.6 U) was added while gassing was continued. The reaction mixture was incubated at 37°C. After 8 min, the reaction was stopped with 1 ml of 1 M NaCl in 1 M NaOH. The final products were extracted three times with 5 ml of ethyl acetate. The products had chromatographic properties corresponding to those of the unlabeled standards in TLC and high-pressure liquid chromatography (HPLC). The yield of U-14C-ring-labeled amino-dinitrotoluenes was 87%.
Hydroxylamino-dinitrotoluenes. The procedure for preparing hydroxylamino-dinitrotoluenes resembled the one described above. TNT (44 ,mol) was dissolved in 100 ml of potassium phosphate buffer (0.1 M, pH 8.2) by boiling. During cooling to 37°C, the mixture was gassed with N2.
NADH (100 pmol) and xanthine oxidase (10 U) were then added. An additional 100 ,umol of NADH was added 2 h later. The reduction was monitored by product identification by reversed-phase HPLC. The final products were extracted three times with ethyl acetate, dried over a nitrogen gas flow, and purified by preparative TLC (the solvent system was CHC13). The masses of the hydroxylamino-dinitrotoluenes were verified by mass spectroscopy. They were sensitive to oxygen and heat and were stored in ethanol (96%) at -20°C.
The yield of the final products was 27%. 2-Hydroxylamino-4,6-dinitrotoluene and 4-hydroxylamino-2,6-dinitrotoluene were identified after separation by TLC (see below). Each of the isomers was reduced with a saturated solution of ammonium sulfide in ethanol (19) to the corresponding amine, which was subsequently compared with the standards in HPLC and TLC.
4,4'-Azoxy-2,2',6,6'-tetranitrotoluene. Azoxy-tetranitrotoluene was prepared as described by Sitzmann (24) . 4-Amino-2,6-dinitrotoluene (0.3 g; 1.5 mmol) was dissolved in 40 ml of methylene chloride. m-Chloroperoxybenzoic acid (1.2 g; 70% [wt/vol]) was added, and the reaction mixture was stirred at room temperature for 16 h. The final product was recrystallized from benzene. After purification, 4,4'-azoxy-2,2',6,6'-tetranitrotoluene was analyzed by 114 nuclear magnetic resonance spectroscopy. The yield was 31%.
Culture conditions. P. chrysosporium DSM 1556 (Burds ME-446) was maintained on 2% (wt/vol) malt extract agar slants. Liquid cultures were grown from conidial inocula.
Degradation experiments with 14C-labeled nitroaromatic compounds were carried out by use of shallow stationary cultures with 1% glucose (wt/vol) and either 1.2 or 12 mM ammonium tartrate as the carbon and nitrogen source as described by Tien and Kirk (31) . Serum bottles (100 ml) containing 7 ml of medium were stoppered with butyl rubber septa and sealed with aluminium seals. Cultures were flushed with pure oxygen every 3 days (12).
For production of lignin peroxidase and degradation experiments, the fungus was grown in agitated submerged cultures as described previously (5) . Cultures of P. chrysosporium were grown in 125-ml Erlenmeyer flasks containing 40 ml of medium or in 300-ml Erlenmeyer flasks containing 100 ml of medium. The flasks were shaken at 180 rpm (2.5-cm-diameter stroke). The fungus was grown at 37°C in N-limited medium (31) with the following alterations. Tween 80 (0.05% [wt/vol]) (11) and 2.5 mM veratryl alcohol (3, 8) were added to the medium. MnSO4 was left out of the trace element solution. Mn(II) (1 ppm) was added separately as MnSO4 after 48 h of growth (5) . At Metabolism of TNT and 4-amino-2,6-dinitrotoluene. After 6 days of incubation of agitated submerged cultures, TNT or 4-amino-2,6-dinitrotoluene was added to the fungus in methanol (8 mg/ml) to a final concentration of 88 ,uM. At certain intervals, aliquots of 1 ml were removed from the supernatant for the determination of intermediates and the activities of peroxidases.
Enzyme purification and assays. Extracellular culture fluid (280 ml) was concentrated by ultrafiltration (Amicon YM-10) to 12 ml. Lignin peroxidase H8 was separated by ionexchange liquid chromatography with Q-Sepharose (Pharmacia), a bed size of 50 by 10 mm, a flow rate of 0.5 ml/min, and a linear gradient of sodium acetate buffer (pH 6.0) from 10 mM to 1 M (31). The purity of the enzyme was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15) .
Lignin peroxidase activity was determined spectrophotometrically at 30°C by the method of Tien and Kirk (31) TNT degradation (see below). Therefore, the rates of mineralization of these compounds were compared with that of TNT under similar conditions (Fig. 2B) . At low concentrations, these rates were identical for amino-dinitrotoluene and TNT; however, in contrast to the results obtained with TNT, an elevation of the amino-dinitrotoluene concentration did not result in a pronounced decrease in the rate of "4Co2 Early intermediates in TNT degradation. The degradation of TNT by P. chrysosponum apparently started with the stepwise reduction of one nitro group to form the corresponding amino group via the nitroso and hydroxylamino compounds. The first detectable intermediates in HPLC analysis and TLC analysis were the hydroxylamino-dinitrotoluenes (Fig. 3B) . In contrast to their formation from TNT, the further reduction of the hydroxylamino-dinitrotoluenes to the corresponding amino-dinitrotoluenes was much slower. The resulting accumulation of the hydroxylaminodinitrotoluenes was accompanied by an inhibition of the veratryl alcohol oxidase activity of lignin peroxidase ( Inhibition of veratryl alcohol oxidase activity by hydroxylamino-dinitrotoluenes. The veratryl alcohol oxidase activity of lignin peroxidase H8 was strongly inhibited by 2-hydroxylamino-4,6-dinitrotoluene and by 4-hydroxylamino-2,6-dinitrotoluene, whereas neither TNT, 2-amino-4,6-dinitrotoluene, nor 4-amino-2,6-dinitrotoluene affected the enzyme in vitro. Interestingly, the activity of the peroxidase returned after a lag phase. This lag phase was dependent on the concentration of the hydroxylamino-dinitrotoluene present in the assay mixture, as was the remaining activity of the enzyme (Fig. 4) . The return of activity occurred without a pronounced transition. The inhibitory effects were similar for both hydroxylamino-dinitrotoluenes mentioned above, so all quantification experiments were done with a mixture of the isomers.
During the lag phase, hydroxylamino-dinitrotoluene was probably oxidized to nitroso-dinitrotoluene, because azoxytetranitrotoluene, the product of condensation of hydroxylamino-dinitrotoluene and nitroso-dinitrotoluene, could be identified. No oxidation was observed when either H202 or veratryl alcohol was omitted from the reaction mixture. Below a concentration of 2.8 mM, the lag phase and the remaining activity were also dependent on the initial concentration of veratryl alcohol under the assay conditions used (Fig. 5) .
Hydroxylamino-dinitrotoluene protected lignin peroxidase from H202 inactivation, as did veratryl alcohol. Veratryl alcohol at 2.3 mM and hydroxylamino-dinitrotoluene at 13.7 puM had comparable effects in the presence of 500 puM H202 (Fig. 6 ).
DISCUSSION
Only ligninolytic cultures of P. chrysosponum mineralized TNT at an appreciable rate, indicating that the ligninolytic system is involved in some of the reactions of TNT degradation. Since isomers of hydroxylamino-and amino-dinitrotoluenes were identified as intermediates, it is likely that the ligninolytic system is not involved in the early steps of TNT breakdown but is involved in later ones. Further reduction of amino-dinitrotoluenes to diamino-nitrotoluenes was not observed until now, so the former compounds may be substrates for subsequent oxidation reactions. The reduction of TNT and various other nitroaromatic compounds by Pseudomonas species under aerobic (20) and anaerobic conditions by a sulfate-reducing bacterium was described previously (17) . Nitroreductases have been found in members of the genera Enterobacter (6), Nocardia (35) , and Neurospora (37) and anaerobic bacteria of the human gastrointestinal tract (18) . Nitroreductase activity of P. chrysosporium was mentioned by Valli et al. (34) for the reduction of 2,4-dinitrotoluene. These authors supposed that this activity was intracellular.
An NADH-dependent nitroreductase activity with TNT as a substrate was detectable in cell extracts of P. chrysosporium. In addition, we found hydroxylamino-dinitrotoluenes and amino-dinitrotoluenes in supernatants of washed mycelial pellets treated with TNT (data not shown). From these findings, we propose that P. chrysosponum is able to take up the substrate and to reduce it intracellularly but that intermediates permeate back into the medium. This process would be analogous to the proposed pathway for the reduction of 2,4-dinitrotoluene (34 dase. The oxidation of veratryl alcohol was fully repressed for a short period of time when hydroxylamino-dinitrotoluene was present in the reaction mixture. Thereafter, the activity reappeared without any transition. To study these results in more detail, we tested the inhibition by using various concentrations of the substrate and the inhibitor. Increasing the inhibitor concentration led to an increase in the lag phase and some loss of the reappearing activity. Interestingly, veratryl alcohol was able to reduce the lag phase and to prevent the loss of activity. Known inhibitors of the veratryl alcohol oxidase activity of lignin peroxidase are often substrates of the enzyme. Sodium azide, a known inhibitor, is oxidized (7, 33) . 3-Amino-1,2,4-triazole, which is mineralized by the fungus (32) , is also an inhibitor of the veratryl alcohol oxidase activity of lignin peroxidase. EDTA is decarboxylated and H202 is consumed during inhibition of the veratryl alcohol oxidase activity (23) . Also, like veratryl alcohol, oxalate, a secondary metabolite of P. chrysosporium (4) , is an inhibitor of the veratryl alcohol oxidase activity (1) . The effect of cyanide, another inhibitor of lignin peroxidase (14) , resembled that of hydroxylamino-dinitrotoluene; after a short lag phase, the activity of the enzyme appeared again (23). Hydroxylamino-dinitrotoluene was able to protect lignin peroxidase H8 from inactivation by H202, a typical effect for oxidizable substrates (2) . The compound was only oxidized by the complete peroxidase system, consisting of lignin peroxidase, H202, and veratryl alcohol. The latter could function as a cation radical mediator in the oxidation of hydroxylamino-dinitrotoluene, as proposed for the decarboxylation of oxalate and EDTA (22, 23) . This role was proposed for free radical-catalyzed oxidations of chemicals which are poor substrates for lignin peroxidase (10) .
The data presented here are important for the design of bioremediation processes for TNT-contaminated soil with P. chrysosporium. Conditions under which hydroxylamino-dinitrotoluenes do not accumulate must be found. If they do, corresponding nitroso compounds will be formed, as will azoxy compounds generated by condensation of the nitrosoand hydroxylamino-dinitrotoluenes. This result would be a severe disadvantage, because azoxy compounds are much less soluble than TNT and are probably more resistant to degradation.
